Ag atoms have been deposited on 3 x 3 silicene and √3 x √3 silicene films by molecular beam epitaxy method in ultrahigh vacuum. Using scanning tunneling microscopy and Raman spectroscopy, we found that Ag atoms do not form chemical bonds with both 3 x 3 silicene and √3 x √3 silicene films, which is due to the chemically inert surface of silicene. On 3 x 3 silicene films, Ag atoms mostly form into stable flat-top Ag islands. In contrast, Ag atoms form nanoclusters and glide on silicene films, suggesting a more inert nature. Raman spectroscopy suggests that there is more sp 2 hybridization in √3 x √3 than in √7 x √7/3 x 3 silicene films. 
Introduction
Silicene, a two-dimensional (2D) monolayer honeycomb structure of silicon [1, 2] , has attracted intensive research interest due to its novel physical properties, including 2D topological insulator characteristics and quantum spin Hall effect (QSHE) [3] [4] [5] . Scanning tunneling microscopy (STM) and angle-resolved photoemission spectroscopy (ARPES) studies have verified the existence of a linear dispersion band structure near Fermi level in epitaxial silicene grown on Ag(111), which demonstrates this silicon-based 2D material is a new Dirac fermion system [6] [7] [8] . In contrast to the other 2D materials such as graphene, epitaxial silicene shows rich phases including √7×√7, 3×3 and √3×√3 (in respect to 1×1 silicene) [6] , which is believed to be determined by the interaction with the substrate. As a result, various low-buckled configurations are formed in silicene corresponding to different phases.
Consequently, the hybridization states in silicene films are expected to be a mixture of sp 2 and sp 3 hybridizations [9] . The buckled structure is dominated by the sp 2 to sp 3 ratio. Generally, it is believed √3×√3 silicene possesses more sp 2 state than √7×√7
and 3×3 silicene. This hypothesis helps to understand why physical and chemical characteristics of different silicene phases show great differences [9] . For example, √7×√7 and 3×3 silicene exhibit a highly chemical reactivity to oxygen, while √3×√3
silicene is relative chemical inert and remains its structures more than 24 hours in air [10] [11] [12] . In terms of electronic structures, Dirac cone either vanishes in epitaxial √7×√7 phase or is strongly twisted in 3×3 phase [8] due to strong interface hybridizations between Si in silicene and Ag in the substrate. In contrast, epitaxial √3×√3 silicene possesses the Dirac fermion characteristics with a lightly n-type doping from Ag(111) substrate [7] . Its surface properties has been theoretically studied [13] , and very recently, been verified experimentally by a hydrogenation of 3×3 silicene [14] . Although these findings suggest that the hybridization between s-orbital and p-orbitals in silicene film determines their surface properties, the detailed study are still critically unclear and have not been investigated experimentally.
In this work, we have investigated the effect of silicene phases on the structure and mobility of Ag nanoclusters deposited on silicene films by using low-temperature 
Experimental
This work is carried out on an ultrahigh vacuum (UHV) low temperature STM system, equipped with a molecular beam epitaxy (MBE) chamber and an in-situ Raman spectroscopy. High-quality silicene films growth and deposition of silver are conducted in MBE chamber before being transferred into STM for in-situ measurements. The Ag(111) substrate was cleaned by circles of Ar + bombardment and annealing, then Si was evaporated onto Ag(111) substrate from a high-purity silicon wafer to form silicene films. The detailed growth method of silicene films is described elsewhere [10, 11] . Ag was deposited from a standard Knudsen cell onto the as-grown silicene films at 150 K. All STM/STS and Raman spectroscopy measurements were performed at 77 K. The differential conductance dI/dV spectra were acquired by using a standard lock-in technique with a 20 mV modulation at 937
Hz. The in-situ Raman measurements were carried out on the same silicene samples in UHV at 77 K.
Results and discussion
Figure 1(a) shows STM image of three phases of silicene. The top part is 3×3 silicene which dominates the first layer silicene growth directly on Ag(111) substrate.
Due to similar formation energy, √7×√7 silicene usually appears together with 3×3 silicene but with significantly lower coverage. After Ag(111) substrate been fully covered by 3×3 and √7×√7 silicene, √3×√3 silicene starts to grow onto these two phases. Thus, by controlling coverage of silicene, the uniform film of 3×3 silicene (with small percentage of √7×√7 silicene) or √3×√3 silicene can be precisely prepared.
The typical high-resolution STM images of these three silicene phases are present in 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 honeycomb structure is preserved, suggesting the dominating hybridization is possibly sp 2 , similar to graphene. In contrast to the intact and well-ordered structure of 3×3 and √3×√3 phases, √7×√7 phase always shows many structural defects (Figure 1 similarity with spectra on 3×3 silicene with a prominent peak at -0.5 V (Figure 2(c) ).
Thus, considering the similarity in spectra and the same periodicity, the structure on Ag islands is most likely induced by the interaction between Ag islands and underlying 3×3 silicene film. And this result also proves the preservation of 3×3 silicene beneath Ag islands which further confirms the inert nature 3×3 silicene.
As a comparison, Ag atoms were deposited on √3×√3 silicene film at a substrate temperature of 150 K. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 by a white arrow), the nanocluster suddenly moved toward right direction for around two nanometers. The movement of Ag nanoclusters are also observed in continuously imaging of Figure 3(c) and 3(d) , in which the Ag nanocluster glided and rotated for 45 degree (white arrows in Figure 3(c) and 3(d) guild to eyes) . Similar behavior was reported on FeSe islands grown on chemically inert sp 2 hybridized 2D material graphene [16] . Therefore, we believe that √3×√3 silicene may share a similar sp 2 dominated hybridization configuration with graphene and may also serve as substrates for high quality sample growth.
To testify the different hybridization states in √7×√7/3×3 silicene and √3×√3
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